Inclusion of women in alcoholism research has shown that gender differences contribute to unique profiles of cognitive, emotional, and neuropsychological dysfunction. We employed functional magnetic resonance imaging (fMRI) of abstinent longterm alcoholics (21 women
emotional processing and memory. Participants completed a delayed matchtosample emotional face memory fMRI task. While the results corroborated reports implicating amygdalar, superior temporal, and cerebellar involvement in emotional processing overall, the alcoholic participants showed hypoactivation of the left intraparietal sulcus to encoding the identity of the emotional face stimuli. The nonalcoholic participants demonstrated more reliable gender differences in neural responses to encoding the identity of the emotional faces than did the alcoholic group, and widespread neural responses to these stimuli were more pronounced in the NCw than in the NCm. By comparison, gender differences among ALC participants were either smaller or in the opposite direction (higher brain activation in ALCm than ALCw). Specifically, Group by Gender interaction effects indicated stronger responses to emotional faces by ALCm than ALCw in the left superior frontal gyrus and the right inferior frontal sulcus, while NCw had stronger responses than NCm. However, this pattern was inconsistent throughout the brain, with results suggesting the reverse direction of gender effects in the hippocampus and anterior cingulate cortex.
Together, these findings demonstrated that gender plays a significant role in the profile of functional brain abnormalities observed in alcoholism.
Introduction
Alcoholism is a common and harmful 1, 2 condition that has been associated with differences in the processing of emotion, memory, and face identity. The brain regions associated with the encoding of face identity and emotion have been established, and research is beginning to indicate how the activity of these regions varies in conjunction with chronic longterm alcohol use disorder (AUD). Memory and facial emotion recognition are adversely affected by AUD [3] [4] [5] [6] .
Moreover, impairments in processing facial emotional expressions have been well characterized [7] [8] [9] [10] , and can endure after months of sobriety 11, 12 .
Functional MRI (fMRI) of facial emotion processing among healthy adults elicits activation in a widespread network of brain areas including the fusiform gyrus, lateral occipital gyrus, superior temporal sulcus, inferior frontal gyrus, insula, orbitofrontal cortex, basal ganglia, and the amygdala [13] [14] [15] [16] . In the present study, we explored face encoding in particular, which typically relies upon prefrontal cortex, amygdala, hippocampus, fusiform, and lateral parietal regions [17] [18] [19] . Processing of emotional facial expressions and emotional identity appear to be partially functionally segregated 20 ; therefore, attention to identity of faces rather than to the emotions expressed on them influences the network utilized. Attention to face identity typically activates fusiform and inferior temporal areas, whereas attention to the emotional expression would more likely yield activation in superior temporal, amygdala, and orbitofrontal regions [21] [22] [23] [24] [25] .
Functional neuroimaging studies of working memory for emotional content in AUD are relatively rare. One study that examined face memory encoding in a mixedgender group of alcoholics found right lateralization of parahippocampal activation among controls, but not https://docs.google.com/document/d/1HvkRX65572wWRxgF8S-QVpl1op1bIyI9FyTmzHdTY9k/edit#heading=h.jjhj89x2so09 4/47 among alcoholic participants 26 . A study examining explicit emotional face decoding in alcoholism (without a memory component) found that alcoholic men were not impaired at decoding facial emotional expressions, but used different brain regions to perform the task than did controls 27 . In that study, participants rated the intensity of facial emotional expressions during functional MRI scans. The largest differences in blood oxygenation leveldependent (BOLD) responses were noted in the anterior cingulate cortex, with alcoholic men showing less activation than controls in this region in response to facial expressions of fear, disgust, and sadness. Another study that examined alcoholic men's BOLD responses to emotional faces and words, wherein subjects made judgments about physical and perceived psychological attributes of facial images, reported a diminished amygdala response during deep encoding of faces 28 .
Historically, AUD has afflicted more men than women, but prevalence for women has increased such that they are approaching similar rates 5, [29] [30] [31] [32] . Much of what has been learned about the longterm effects of alcoholism has been based upon research that focused on men, or has not differentiated the results obtained from different genders. There exist clear differences in how alcohol affects men and women physiologically and in how they progress from social to problem drinkers 31 . For example, we observed genderdimorphic effects in multiple domains including emotional processing, personality, and drinking motives 5,33 , brain white matter [34] [35] [36] [37] , morphometry of the brain reward system 38 , and brain activity in response to emotional cues 39 .
However, there are few fMRI studies of genderspecific brain activation in alcoholism.
The present study sought to characterize abnormalities in neural activation among chronic longterm alcoholics through analysis of BOLD responses to photographs of faces that varied in emotional expressions. We were particularly interested in observing activation responses in brain regions that subserve face processing, memory encoding, and emotions, and to determine how these effects differ between alcoholic men (ALCm) and alcoholic women (ALCw), as compared to nonalcoholic men (NCm) and nonalcoholic women (NCw).
Methods

Participants
Participants included 42 abstinent longterm alcoholics (21 ALCw) and 42 nonalcoholic controls (21 NCw) (Supplemental Table 1 ). Participants were recruited within the Boston area through advertisements placed in public places ( e.g. , hospitals, churches, stores), newspapers, and internet websites. The study was approved by Institutional Review Boards at our affiliated institutions. Participants gave written informed consent prior to participation, and were compensated for their time.
Selection procedures included an initial structured telephone interview to determine age, level of education, health history, and history of alcohol and drug use. Included participants were righthanded, had normal or correctedtonormal vision, and spoke English as a first language.
Participants were interviewed further to determine use of alcohol and other drugs, including prescription drugs that would affect the 43, 44 .
Alcoholic participants met DSMIV criteria for alcohol abuse or dependence, and consumed 21 or more alcoholic drinks per week for five or more years. The extent of alcohol use was assessed by calculating Quantity Frequency Index (QFI) scores 45 . QFI approximates the number of drinks consumed per day, and the amount, type, and frequency of alcohol consumption either over the last six months (control participants), or over the six months preceding cessation of drinking (alcoholic participants) to yield an estimate of ounces of ethanol per day. Alcoholic participants were abstinent for at least four weeks before the scan date.
Control participants who had consumed 15 or more drinks per week for any length of time, including binge drinking, were excluded.
Functional Imaging Task
Participants were given a delayed matchtosample memory task in an MRI scanner, whereby they were asked to encode two faces that had one of three emotional valences: positive, negative, or neutral (Supplemental Figure 1 ). The face stimuli were shown in grayscale and were taken from a set of faces used in a previous study 28 . Face stimuli were displayed simultaneously for three seconds, followed by an asterisk (*) for one second. Participants were asked to maintain https://docs.google.com/document/d/1HvkRX65572wWRxgF8S-QVpl1op1bIyI9FyTmzHdTY9k/edit#heading=h.jjhj89x2so09 7/47 these faces in memory while distractor stimuli were shown (for three seconds), immediately followed by a probe face (shown for two seconds) to assess memory for face identity, and ending with a variablelength fixation (two to thirty seconds, average ten seconds). Results obtained from analyses of the distractor and probe conditions are part of a separate research project. The participants responded to the probe face with their right index and middle finger, and psychophysiological recordings were taken from the left hand 46 . The eventrelated design used nine sixminute runs with 18 trials per run, for a total of 162 trials. There were 54 trials for each emotional face valence. Counterbalancing and intertrial intervals were calculated with optseq2 47 .
Image Acquisition
Imaging was conducted at the Massachusetts General Hospital, Charlestown, MA. Data running Presentation version 11.2 software (NeuroBehavioral Systems, Albany, CA) was used for visual presentation of the experimental stimuli and collection of participants' responses.
Stimuli were backprojected onto a screen at the back of the scanner bore and viewed by participants through a mirror mounted to the head coil. Participants wore earplugs to attenuate scanner noise.
Structural Image Processing
Cortical surfaces were reconstructed using Freesurfer version 4.5.0 (http://surfer.nmr.mgh.harvard.edu) to obtain segmentation labels 49, 50 along with white matter and exterior cortical surfaces 51 . These were visually inspected on each coronal slice for every subject, and manual interventions ( e.g. , white matter volume corrections) were made as needed.
The Destrieux atlas parcellation for FreeSurfer 52 and subcortical segmentation were used to define anatomical regions of interest (ROI) in the functional analyses.
Functional Image Processing and Statistical Analyses
Effects of Group, Gender, and Emotion on BOLD signal were evaluated using a wholebrain cluster analysis, as well as a ROI analysis. Processing of the functional data was These automated alignments were manually inspected to ensure accuracy.
Statistical maps were generated for each individual subject for contrasts between experimental conditions. Contrasts for the facial emotion conditions included: (1) Secondlevel (group) analyses on cortical regions were accomplished using a surfacebased morphing procedure for intersubject alignment and statistics 54 For the cortical surface maps, a Clusterlevel correction for multiple comparisons were applied to each map 55 , wherein each vertex (or voxel) was required to meet two criteria to be considered significant: the p value for the withingroup or betweengroups contrast t test must be significant at p < 0.001, and the vertex (or voxel) must be contiguous with a set of vertices that span a minimum surface area of 100 mm 2 (or voxels with a minimum volume of 300 mm 3 ).
Cortical surface cluster regions were identified by the location of each cluster's peak vertex on the cortical surface according to the Destrieux atlas. Subcortical cluster regions were identified by the Talairach 56 coordinates of each cluster's peak voxel according to the Talairach Daemon 57 .
Anatomicallydefined ROI were selected for the emotional faces BOLD analyses to include regions identified a priori that are known to be involved in the recognition of emotions, and in visual processing and memory encoding of human faces. These were the amygdala, 
Results
Participant Characteristics
Supplemental ALCm. Alcoholic participants drank 11 drinks per day on average, had a mean duration of 17 years of heavy drinking, and were sober for an average of eight years.
Neuroimaging Cluster Analyses
First, grouplevel cluster analyses of each facial emotion condition vs. fixation yielded clusters too large to be described in an anatomicallyrelevant way with a single peak location.
Therefore, these data are summarized qualitatively (in the text) and illustrated with Figure 1 .
Next, grouplevel clusters are reported (Table 1) for emotion contrasts (i.e., positive vs. negative, positive vs. neutral, and negative vs. neutral). Intergroup clusters are reported for each emotion condition vs. fixation (Table 2) , followed by the intergroup clusters for emotion contrasts, (described in the text).
Alcoholics and controls of both genders utilized a distributed network of cortical brain regions to process faces of all three emotional valences as compared to the fixation stimulus. As an example, Figure 1 [ Insert Figure 1 Here ]
As was observed for the contrast of faces vs. fixation, results for the emotion contrasts revealed several regions, but the clusters were of smaller spatial extent and less consistent across participant groups. Significant clusters are summarized in Table 1 . Positive faces elicited the least activation, as compared to both neutral and negative faces. These effects were significant primarily in regions of the frontal lobes, although additional regions identified were in the occipital and temporal lobes, along with basal ganglia structures. Clusters of betweengroup differences on each emotion condition vs. fixation are described in Table 2 . The results were complicated and differed by brain region, contrast direction, and group comparison. For positive faces, significant clusters were identified within all lobes of the brain, and in the cerebellum. The group contrast directions for all of these clusters indicated greater activation values in the subgroup of NCw compared to the ALCw and NCm, and the effects were observed across both fixationactivated (default mode) and faceactivated regions. Significant Group by Gender interaction effects for temporal and frontal regions were driven by the lower activation of NCm than NCw, while ALCm had similar or greater activation than ALCw. The negative faces revealed a pattern of group differences that encompassed many brain regions. For parietal and occipital regions, NCw had greater values than NCm, but the reverse (NCm > NCw) was observed for the anterior cingulate. As was found for the positive faces, two frontal clusters were identified where significant Group by Gender interactions were driven by lower negative vs. fixation contrast values obtained from NCm than NCw and higher contrasts from ALCm than ALCw. The neutral faces revealed many clusters as well, with NCw having greater contrasts than NCm in clusters across the parietal lobe, cerebellum, and limbic structures. The three clusters that were identified with significant group differences for contrasts between emotional face conditions had peak voxels contained within the left and right amygdala (872 mm 3 and 384 mm 3 , respectively), and left hypothalamus (464 mm 3 ). For the clusters with peak voxels located in the amygdala, NCm had greater activity than NCw in which the contrast showed greater activation for positive than negative faces. For the cluster that included the left hypothalamus, men showed greater activation than women (combined across Group) for the contrast identifying regions where neutral faces had greater activation than positive faces.
Neuroimaging Region of Interest Analyses
Results of repeatedmeasures ANOVAs examining betweensubjects effects of Group and
Gender and withinsubjects effects of facial Emotion on BOLD percent signal change within each ROI are reported below. Means and standard deviations represent the percent signal change across each ROI for the time period of two to 10 seconds postface stimulus onset.
Intraparietal Sulcus. A significant main effect of Group was found for left intraparietal sulcus activation during encoding of the emotional faces ( F = 4.172, p = 0.044) ( Figure 2 ).
Controls had more activity in this region during face encoding ( M = 0.268, SD = 0.123) than did alcoholics ( M = 0.212, SD = 0.130). Activity in the right intraparietal sulcus did not vary significantly by Group, Gender, or facial Emotion. Hippocampus. A significant Emotion by Group by Gender interaction was identified ( F 1,80 = 4.005, p = 0.049), wherein NCm showed a trend toward a main effect of Emotion ( F 1,20 = 3.297, p = 0.084), but this was not found in NCw ( F 1,20 = 2.387, p = 0.352), ALCm ( F 1,20 = 0.013, p = 0.909), nor ALCw ( F 1,20 = 0.727, p = 0.404) (Figure 3) . [ Insert Figure 3 Here ] Amygdala, fusiform, orbitofrontal cortex, parahippocampal cortex, superior temporal gyrus, and superior temporal sulcus. Activity in these regions did not vary significantly by Group, Gender, or facial Emotion.
In summary, for region of interest analyses, we observed higher responsivity during face encoding among controls than among alcoholics in the left intraparietal sulcus, a region that has been identified as playing an important role in focusing attention to enhance working memory 58 . In the left hippocampus, an important memory structure, a significant interaction of Emotion, Group, and Gender, indicated that (a) the NCm activated this region more to positive faces than to neutral faces compared to the other subgroups, and (b) the ALCw activated more to the faces irrespective of valence, compared to the other subgroups.
Discussion
In the present study, wholebrain grouplevel cluster analyses comparing activation among facial emotion conditions showed that participants had higher responses to negative than to positive faces in right hemisphere superior temporal sulcus, occipital, and inferior frontal regions. Consistent with our results, the superior temporal sulcus has been implicated in differentiating emotional facial expressions 20, 21, 59 . Increased inferior frontal activation in response to negative relative to positive faces has been shown during emotional face recognition 60 . Subcortically, among controls, neutral faces elicited greater activation than positive faces in the putamen and pallidum. A metaanalysis of emotional face processing included the putamen as a key structure 61 . Additionally, the putamen was shown to respond to neutral faces in a functional neuroimaging study that used neutral faces to assess effects of attractiveness 62 . The alcoholic group's responses to negative faces were greater than to neutral faces in the collateral sulcus (adjacent to the anterior fusiform gyrus). While the fusiform is more commonly implicated in processing identity information 20 , some studies also have implicated the collateral sulcus in processing emotional facial expressions 21, 59 .
Examination of wholebrain intergroup cluster contrasts revealed a gender difference among controls wherein the difference in responses to positive and negative faces was larger https://docs.google.com/document/d/1HvkRX65572wWRxgF8S-QVpl1op1bIyI9FyTmzHdTY9k/edit#heading=h.jjhj89x2so09 20/47
among NCm than NCw in the amygdala, a region with an undisputed role in emotional processing 63, 64 . The cerebellum also has been implicated in the processing of emotions 65, 66 , and emotional faces in particular 61, 67 . In the present study, NCw had significantly higher responses to both positive and neutral faces in the cerebellum than did ALCw, indicating abnormal function in addition to previous reports of abnormal cerebellar structure in relation to alcoholism 68, 69 . A region of the superior frontal gyrus extending to the anterior cingulate was identified wherein
ALCw had less fixationrelated activation as compared to positive faces than did NCw. This result mimics a finding among social phobics 70 , indicating higher default mode network activation to fixation compared to activation during emotional face perception.
Interactions of group and gender were identified in responses to negative faces in the left superior frontal gyrus and the right inferior frontal sulcus. In both these regions, ALCm had higher responses to negative faces than did ALCw, whereas among controls, women had higher responses than men. ALCm also had higher responses to negative faces than did NCm in the left superior frontal gyrus. Taken together, these findings are suggestive of hyperresponsivity among ALCm to negativelyvalenced faces.
Region of interest analyses examining effects of Group, Gender, and Emotional face valence yielded few significant results. In the left intraparietal sulcus, a region which has been singularly identified as playing an important role in focusing attention to enhance working memory 58 , we found higher responses during face encoding among controls than among
alcoholics. An interaction of Emotion, Group, and Gender was found in the left hippocampus,
showing that only NCm activated this region more for positive faces than for neutral faces. The amygdala, superior temporal sulcus, and orbitofrontal cortex are commonly reported to be sensitive to emotional face valence 17, 20, 61 , but our results could not indicate whether the effect was in the positive or negative direction, only that the results of the ROI analyses were too small to detect with our paradigm and sample. There may have been several reasons for the modest findings in these areas. ROI were chosen based on neuroanatomically defined areas known to be implicated in emotional processing. Some of these regions, the superior temporal sulcus in particular, are relatively large, and emotionrelated processing occurs only within a fraction of the region 21 . Our analyses compared mean responses across an entire region, without the use of a functional mask. As such, strong but focal effects (as can be seen in the vertexwise whole brain group map, Figure 1 ) between emotions within a region may have been diminished when averaged with other sections of that region where null or even diametrically opposing effects were found.
Another potential reason that large differences in emotionalrelated ROI were not observed could be that while twothirds of the encoded faces displayed emotional expressions ( i.e. , the positive and negative faces), the emotional expression of the faces were not explicitly relevant to the task, as it was the identity of the faces that was to be recalled. A number of studies have shown that activation of limbic regions, and particularly the amygdala, in response to emotional faces is dependent on the taskrelevance of the emotional content of the faces 71, 72 .
Another study examining memory for emotional face valence contrasted with face identity memory demonstrated higher orbitofrontal cortex activity when the emotional valence of the face was to be remembered relative to when the identity of the face was to be remembered 17 orbitofrontal cortex maintains both facial identity and facial emotional expressions in working memory during a delay period 17 . The present study may have been more likely to find effects of emotion in these regions were the emotional valence the item to be remembered rather than the identity. Further, the study by LoPresti and colleagues (2008) found differences in orbitofrontal cortex activity between positive and negative faces in the explicit emotion memory task at the time of recall, but not at the time of encoding. Additionally, in a recent fMRI study employing stimuli eliciting stronger emotional reactions than facial expressions, we reported clear gender differences among alcoholics 39 .
In summary, we have corroborated previous reports implicating amygdalar, superior temporal, and cerebellar involvement in emotional processing, and have further demonstrated more credible gender differences in neural responses to emotional faces among controls than among alcoholics. The findings from the present study can be viewed in the context of the 74 and interactions with alcoholism 75, 76 , and therefore, may have influenced the results of the present study. The analyses of these data were performed in the context of a task that included the influence of intervening distractor and probe face images. Therefore, it is possible that interference from these images obscured differences that might otherwise have been observed. Future investigations of the interaction between emotional face valence and distractor conditions could resolve these effects. Despite these considerations, the present findings highlight the need for continued research on the overlap between gender differences in processing of emotional stimuli and the development of pathological alcohol consumption. Error bars represent SEM. The two peaks represent brain activity resulting from the encoded faces and distractor.
Figures
The analysis window used to examine the faces was 2 to 10 seconds.
Figure 3. Left Hippocampus.
Error bars represent SEM. The percent signal change represents brain activity resulting from the encoded faces and distractor. The analysis window used to examine the faces was 2 to 10 seconds. Two faces were presented simultaneously for 3 seconds, followed by an asterisk for one second. Next, a distractor was presented for 3 seconds. The probe face immediately followed, during which the subjects had been trained to respond with a button press with either their index or middle finger to indicate whether the probe face matched the encoded face. Three crosses served as the intertrial interval, which lasted from 2 to 30 seconds (mean 10 seconds). While the faces in this figure have been blurred to mask the identities of the individuals, the research participants saw the original unblurred photographs.
